ABSTRACT: The influence of seasonal changes in the weight of soft tissues on temporal fluctuations in tissue concentrations of Cu and Zn was examined in 4 populations of the clam Macoma balthica sampled in San Francisco Bay for a period of 2 to 5 yr. Fluctuations in metal concentration expected from changes in tissue weight between sampling dates were estimated by assuming that whole body metal burden was constant during the sampling interval. Comparison of estimated and actual metal concentrations showed that the degree to which fluctuations in trace metal concentrations were driven by weight changes d~ffered considerably among stations, among years at a single station, and between metals.
INTRODUCTION
Mussels, oysters and clams have been extensively used as biological indicators of trace metal and organic contamination in the marine and estuarine environment (Phillips 1976 , Bryan & Hummerstone 1978 , Goldberg et al. 1978 , Martin et al. 1984 , Thomson et al. 1984 . These organisms typically exhibit annual growth and reproductive cycles that result in seasonal changes in soft tissue weight (Beukema & De Bruin 1977 , Zandee et al. 1980 , Nichols & Thompson 1982 . Within a single'3 to 6 mo growing season, an adult animal may increase its soft body tissue weight by a factor of 2 or more (Davis & Wilson 1983) . Much of this new growth is the result of a build-up of glycogen and lipid energy reserves and may subsequently be lost during the remainder of the year as these resources are depleted (Beukema & De Bruin 1977 , Zandee et al. 1980 , Nichols & Thompson 1982 .
Seasonal changes in the tissue weight of bioindicator organisms can significantly affect trace metal concentrations by simply diluting or concentrating the animal's total metal body burden (Phillips 1976 , Simpson 1979 , Strong & Luoma 1981 , Lobe1 & Wright 1982b , Popham & D'Auria 1983 . The extent of the effect would be expected to vary with growth rates in relation to the availability and quality of food sources (Gallucci & Hylleberg 1976 ) and overall environmental suitability for the organism (including levels of trace metal exposure). Methodology for quantitatively characterizing the contribution of weight change to temporal variation in metal concentrations in bivalve bioindicators is not available, however. This paper reports on the influence of changing tissue weight on the temporal variation of trace metal concentrations in clams Macoma balthica collected from 4 stations in San Francisco Bay for a period of 2 to 5 yr. An empirical method is presented to separate fluctuations in trace metal concentrations caused by changes in the weight of soft tissues from fluctuations driven by other processes.
MATERIALS AND METHODS
Twenty to 30 adult Macoma baltica with shell lengths r 10 mm were collected at near monthly intervals from 4 intertidal mudflats in San Francisco Bay (Fig. 1) . The clams were depurated in seawater at ambient salinity and 12°C for 2 d. Individual shell lengths were recorded to the nearest 0.1 mm. The sample was split into groups of individuals of similar shell length ( + 1.0 mm). The range of shell lengths varied somewhat among collections, depending upon the availability of the smallest and largest clams, but most of the same size classes were represented in 
[Elj is a grand mean
The total metal content of the standard-sized clam at any time j, M;, was calculated as the product of concentration and the dry weight of a standard-sized clam, W ; , using the expression -
Correlations of trace metal concentration and body size for Macoma balthica in San Francisco Bay can vary with time and place from significantly positive to significantly negative (Strong & Luoma 1981) . Where significant correlation occurs, the distribution of speci-men sizes in a sample may bias the grand mean metal concentration. Therefore, if the metal concentration and shell length of clams within a sample were correlated (pS0.01), the mean concentration term in Eq. 3 was replaced by the concentration calculated from the correlation for a clam of standard shell length (Luoma & Cain 1979 , Strong & Luoma 1981 .
The difference in metal concentration between sampling dates j and j + 1 was partitioned into 2 terms:
one describing the change in metal concentration caused by a change in tissue weight during the sampling interval and another describing the change in concentration due to a net exchange of metal by the tissues. Using the observed concentration at j, the concentration due solely to a change in tissue weight was estimated by the expression where ( ; I j + l = the estimated concentration at j + l ; (E)j = the observed concentration at j; W; and W;+, = the dry weights of the standard-sized clam at j and j + l . Based upon Eq. 3, Eq. 4 can be reduced to the following form:
exchange between j and j + l was expressed as concentration, yg g-', by dividing the difference in metal contents, AM', by the dry weight of the standard-sized
The sum of -and (g),. 
RESULTS
The annual growth cycle of Macoma balthica in San Francisco Bay is characterized by a rapid increase in tissue weight during the spring (February through June) and a subsequent loss of weight throughout the summer and fall ( Fig. 3; Nichols & Thompson 1982) . In the spring, tissue weight usually increased by a factor of about 2, although variations in the degree of weight gain among stations and among years were common. For example, weight gains as great as 2.5 to 3 X were observed at Station 3 in 1978 and Station 4 in 1979; in contrast, there was no measurable growth at Station 3 in 1979.
Copper concentrations of soft tissues displayed both seasonal and year-to-year variations at each station ( Fig. 4 ; Luoma et al. in press) . Concentrations were usually highest in early winter, then declined to their lowest values in early summer (Fig. 4) . The increase in Cu concentrations often occurred when the weight of soft tissues was declining (Fig. 3 & 4) while the decrease in Cu often coincided with tissue growth in the spring. The agreement between the time courses of Cu concentrations predicted from changes in tissue weight and the observed Cu concentrations differed among stations (Fig. 4) . The two agreed well at Stations 1 and 3, although the amplitudes of some peaks differed (e.g. Stn l : Oct 1978; Stn 3: Feb 1978, Jan 1980). At Station 2 the rise and fall in Cu between May and November 1979 was not explained by weight change. At Station 4, the predicted concentrations followed the trends in observed concentrations reasonably well during 1977 and after January 1981, but the effect of changing tissue weight could not explain the large fluctuations in Cu concentrations between 1978 and 1981. For all stations, in general, the time course of predicted concentrations followed the observed concentrations most closely when Cu concentrations were either relatively low or declining in the spring. some Cu was subsequently lost, there was a net accumulation for that year. Thus, the decrease in Cu concentrations in the spring of 1979 was largely due to an increase in tissue weight. Concentrations increased later that year as that weight was lost. In 1980, there was again a small net accumulation of Cu, but thereafter, losses exceeded accumulation and winter concentrations returned to levels characteristic of earlier years. Zinc did not exhibit seasonal fluctuations as strong as Cu (Fig. 6) . Through much of the year, Zn concentrations were relatively stable, with elevated concentrations generally occurring for brief periods in the late winter and spring. The magnitude of annual Zn fluctuations was usually about 2 X , roughly the same as the yearly change in tissue weight (Fig. 6 ).
Predicted Zn concentrations followed trends in observed Zn concentrations most closely at Station 1 (Fig. 6) indicating that variations in Zn concentrations at that station were dominated by changes in tissue weight. At Stations 2. 3 and 4, some differences in trends and in the occurrence of specific peaks were observed. For example, at Station 3, peaks in Zn con-0 c 800 February 1978 , April 1979 and January 1980 occurred that were not predicted by weight change. Also at Stations 2, 3, and 4, concentrations predicted in the spring frequently decreased more repidly than those actually observed. Conversely in the summer and fall, when tissue weight decreased, predicted concentrations were often greater than observed. Differences between the observed and predicted Zn concentrations indicated that a significant portion of the Zn lost within any given year occurred in the summer/fall period (Fig. 7) . The greatest accumulation of Zn was in the winterkpring (Nov to Mar), and frequently coincided with the period of rapid tissue growth. At Station 3, however, Zn peaks in 1978,1979, and 1980 occurred before the commencement of tissue growth.
DISCUSSION
The degree to which seasonally varying tissue weight explained fluctuations in Cu and Zn concentrations in Macoma balthica differed markedly with location in San Francisco Bay and among years at a single location. Differences between the 2 metals were also evident. Cu appeared to be more directly affected than Zn by the seasonal change in soft tissue. Temporal fluctuations in Zn concentration were generally not as variable as Cu and did not consistently display the strong seasonal pattern that would be expected if concentrations were driven by changing tissue weight. Separating the influence of weight change allowed clearer identification of both short-term and long-term changes in net metal flux in the soft tissues of Macoma balthica. Of the several processes that could affect metal flux rates, changes in concentrations of biologically available metal (Bryan & Hummerstone 1978 , Jensen et al. 1981 , Luoma 1983 , Mason & Simkiss 1983 , Thomson et al. 1984 ) is probably the single most important. Biological processes associated with gonadal development (Cossa et. al. 1979 ) spawning (Lobel & Wright 1982b , Zaroogian & Johnson 1983 , sex and age (Watling & Watling 1976 , Lowe & Moore 1979 , can also affect metal flux, but their influence is likely to be limited to relatively minor effects obscured by the individual variability within natural populations (Lobel & Wright 1982a, b) .
In nature, seasonal fluctuations in trace metal concentrations of animal tissues caused by changes in metal body burden are superimposed upon a background of variation driven by changes in tissue weight. Any single change in metal concentration may reflect either one or the simultaneous influence of both variables. The effect of weight-driven changes on trace metal concentrations can be significant (Phillips 1976 , Simpson 1979 , this paper) and if not accounted for, can seriously compromise results from organisms used as bioindicators to monitor contamination (Goldberg et al. 1978) or to study metal bioavailability (Whitfield & Lewis 1976 , Langston 1980 , 1982 , Luoma & Bryan 1982 .
The effect of seasonal growth on metal concentrations can be eliminated directly by converting concentration data to content, pg ind-I (Simpson 1979) . However, this results in data in units that are not directly comparable with other environmental measurements, or are otherwise difficult to interpret (e.g. because the overall size of the organism involved cannot be considered, toxicological interpretations are more difficult). Alternatively, metal concentrations can be corrected for differences in tissue weight (Clifton et al. 1983 , this paper). Our calculation of net metal exchange is derived directly from metal content and thus reflects changes in exposure. Although proportional changes may differ from changes in content where the weight of a standard-sized animal changes through time, the units will be in an easily interpretable form. Furthermore, the effect of weight change can be examined directly and independently.
